Prolonged sitting time is associated with several health outcomes; limited evidence indicates associations with frailty. Our aims in this study were to identify patterns of sitting time over 12 years in middle-aged (ages 50-55 years) women and examine associations of these patterns with frailty in older age. We examined 5,462 women born in 1946-1951 from the Australian Longitudinal Study on Women's Health who provided information on sociodemographic attributes, daily sitting time, and frailty in 2001 and then again every 3 years until 2013. Frailty was assessed using the FRAIL (fatigue, resistance, ambulation, illness, loss of weight) scale (0 = healthy; 1-2 = prefrail; 3-5 = frail), and group-based trajectory analyses identified trajectories of sitting time. We identified 5 sitting-time trajectories: low (26.9%), medium (43.1%; referent), increasing (6.9%), decreasing (18.1%), and high (4.8%). In adjusted models, the likelihoods of being frail were statistically higher for women in the increasing (odds ratio (OR) = 1.29, 95% confidence interval (CI): 1.03, 1.61) and high (OR = 1.42, 95% CI: 1.10, 1.84) trajectories. In contrast, women in the low trajectory group were less likely to be frail (OR = 0.86, 95% CI: 0.75, 0.98), and there was no difference in the likelihood of frailty in the decreasing trajectory group. Our study suggests that patterns of sitting time over 12 years in middle-aged women predict frailty in older age.
As the populations of most developed countries continue to age, frailty is becoming more prevalent (1) . A systematic review found that in community-dwelling elderly adults, frailty prevalence varies from 4.0% to 59.1% (2) , with an increasing frailty pattern observed with increased age and with frailty being more prevalent in women than in men (1, 3) . Frailty is defined as a syndrome that results from decline in physiological reserve to withstand stressors (1, 4) and that leads to multiple adverse health outcomes, including falls, hospitalization, institutionalization, and premature death (3, 4) . Based on recent estimates, one-fifth of Australian women aged 73-78 years are frail, suggesting that it is important to examine the health and behaviors of middle-aged women in order to identify factors associated with the development of frailty (5) .
Sitting time is a risk factor for poor cardiometabolic health (6, 7) , which is closely related to frailty (8) . Prolonged sitting time has become a public health concern (9) as the modern environment encourages more sitting, whether at work, at home, or in transport (10) . In 2011, Australian adults reported sitting for 5.5 hours per day, with most sitting occurring in leisure domains (61.3%) and the remainder occurring at work (25.6%) or while using transportation (13.1%) (11) . In contrast, when it is measured objectively, sitting time is estimated to be 8.9 hours per day (12) . While investigators have reported increases in sitting time in cohort studies and the general population (13) (14) (15) , there is limited evidence on patterns of sitting over time.
While prolonged sitting in adults is detrimentally associated with many health outcomes, such as all-cause, cardiovascular, and cancer mortality and incidence of cardiovascular disease, cancer, and type 2 diabetes (16, 17) , there have been limited investigations of relationships between sitting time and geriatric conditions such as frailty. In several cross-sectional studies, high levels of sedentary behavior (sitting or lying down while awake with an energy expenditure less than or equal to 1.5 metabolic equivalents (METs)) (18) were associated with frailty in older adults (all aged >50 years) (19) (20) (21) . In a longitudinal study of 2 cohorts of community-dwelling older adults aged ≥60 years, García-Esquinas et al. (22) reported that baseline television (TV) viewing time was also associated with frailty at follow-up.
Using data from a large Australian cohort, we aimed to identify patterns of sitting time over 12 years in middle-aged women, a group at high risk of developing frailty, and to examine associations of these patterns with frailty in older age. Investigation of this relationship is important to help develop programs designed to ameliorate the health outcome of frailty.
METHODS

Study population and procedures
The Australian Longitudinal Study on Women's Health (http:// www.alswh.org.au/), initiated in 1996, is a national longitudinal cohort study examining over 58,000 Australian women (originally) separated into 3 cohorts: those born in 1973-1978, those born in 1946-1951, and those born in 1921-1926 (23, 24) . The participants were randomly selected from the Australian national Medicare health insurance database, which includes all Australian citizens and permanent residents (24, 25) . It is funded by the Australian Government Department of Health (24, 25) . The study was approved by ethics committees at the Universities of Queensland and Newcastle, and informed consent was collected from all participants.
When they were first surveyed in 1996 (survey 1), 13,715 women born in 1946-1951 participated, with a 54% response rate (23) (24) (25) . Women subsequently completed surveys in 1998 (sur- . Data on sitting time were available only from survey 3 to survey 7. Women were included in the study if they provided data on sitting time and frailty in survey 3, were not frail (i.e., had a FRAIL score (defined below) less than 3) in 2001 (survey 3), and had complete data for all confounders (survey 1 and survey 3) and frailty in 2013 (survey 7). Figure 1 shows the process of participant selection.
Sitting time
Data on sitting time were collected from survey 3 to survey 7 using the following 2 self-report items: "How many hours EACH DAY do you typically spend sitting down while doing things like visiting friends, driving, reading, watching television, or working at a desk or computer on 1) a usual weekday and 2) a usual weekend day?". A similar question is part of the International Physical Activity Questionnaire (26) , which has good test-retest reliability for self-report measures: a Spearman reliability coefficient greater than 0.75 and low-to-moderate Spearman correlation coefficients greater than 0.25 when validated against accelerometry (26, 27) . Daily sitting time was calculated as [(number of hours/day of sitting on a weekday × 5) + (number of hours/day of sitting on a weekend day × 2)/7] (28).
Frailty
In all surveys from survey 3 to survey 7, frailty was assessed using the FRAIL scale (29, 30) , which is based on 5 domains: fatigue, resistance, ambulation, illness, and loss of weight. Frailty was calculated using the Medical Outcomes Study 36-item Short Form Health Survey (31), the presence of chronic conditions, and weight. Scores on the FRAIL scale range from 0 to 5, with 3 possible categories: healthy (score of 0), prefrail (score of 1-2), and frail (score of 3-5) (5). Fatigue was addressed in 3 questions: "Did you feel worn out?," "Did you feel tired?," and "Did you have a lot of energy?". Fatigue was recorded as present if participants answered the first and second questions as "all of the time," "most of the time," or "a good bit of the time" or answered the third question as "some of the time," "a little of the time," or "none of the time." Resistance was addressed in the question, "Does your health now limit you in climbing one flight of stairs?". A positive response was recorded if participants answered "limited a lot" or "limited a little." Ambulation was defined as the ability to walk 100 m. A positive response was recorded if participants said they were "limited a lot" or "limited a little" in response to the question, "Does your health now limit you in walking 100 meters?". Participants reported whether they had been diagnosed with or were being treated for diabetes, heart disease, hypertension, stroke, a low iron level (iron deficiency anemia), asthma, chronic obstructive pulmonary disease (i.e., bronchitis/emphysema), osteoporosis, breast cancer, cervical cancer, depression, anxiety, arthritis/rheumatism, or chronic fatigue syndrome. A positive response was recorded if participants answered "yes" to having at least 5 of the above chronic conditions. Weight was self-reported, and a positive score was recorded if participants had lost more than 5% of their weight from the previous survey. The FRAIL scale has been validated for use in longitudinal studies in this age group, where frailty significantly predicted disability, depression, and mortality over 15 years of follow-up (32) .
Sociodemographic and lifestyle variables
Several variables were included as confounders in analyses examining associations of sitting time trajectories with frailty. Education was assessed in survey 1 as the highest educational qualification completed and was categorized into "less than high school," "high school only," and "more than high school." Data for other variables were collected in survey 3. Relationship status was categorized as partnered or single. Body mass index (weight (kg)/height (m) 2 ) was calculated from self-reported weight and height and was categorized as underweight/healthy (<25.0), overweight (25.0-29.9), or obese (≥30.0) (33) . Smoking status was classified as never smoker, ex-smoker, or current smoker. Alcohol consumption was classified into 3 categories: nondrinker, rare drinker (<1 drink per week), and low-to high-risk drinker (≥1 drinks per week) (34) . Physical activity was assessed using the Active Australia Survey, where weekly frequency and duration of brisk walking and moderate and vigorous leisure-time physical activity were reported in bouts of 10 minutes or more (35) . A physical activity score in MET-minutes/week was calculated as the sum of the products of total weekly minutes spent in each of the 3 categories of physical activity [(walking minutes × 3.0 METs) + (moderate-intensity physical activity minutes × 4.0 METs) + (vigorous-intensity physical activity minutes × 7.5 METs)] (36). Employment status was categorized on the basis of hours of paid employment: full-time (≥35 hours/week), part-time (1-34 hours/ week), or other (i.e., home duties/not in paid workforce). Geographic location was based on the Accessibility/Remoteness Index of Australia and was categorized as major city, inner regional area, or outer regional/remote area. Country of birth was categorized as Australia, other English-speaking country, or other.
Statistical analyses
Differences in characteristics between women in the trajectory groups were assessed using 1-way analysis of variance (continuous normally distributed variables), the Kruskal-Wallis test (continuous non-normally distributed variables), and χ 2 analyses (categorical variables). Group-based trajectory modeling using a censored normal model across surveys 3-7 was used to identify patterns in sitting over time (37) . The final choice of the trajectory models was based on the Bayesian Information Criterion (BIC) and the log Bayes factor (2 × ΔBIC), an average posterior probability of group membership for all participants greater than 70%, and reasonably tight confidence intervals around the trajectory groups (37, 38) .
Ordinal logistic regression models were used to examine associations of sitting time trajectories with frailty at the time of survey 7. Robust variance estimates were used to account for repeated measures in individuals. To select confounders for these models, ordinal logistic regression models were used to examine associations of each variable with sitting time trajectories and also with frailty at survey 7. Relationship status, education, body mass index, alcohol consumption, smoking status, physical activity, employment status, and the presence of arthritis, depression, and hypertension were associated with both trajectories and frailty (P < 0.1) and were included as confounders in the final model. Logistic regression models, adjusting for the confounders above, were used to examine associations of sitting time trajectories with FRAIL components. Proportions of women who were frail in each trajectory group at the time of each survey and had deficits for each FRAIL component at surveys 3 and 7 were calculated. Differences in the proportions of women reporting deficits in components of the FRAIL scale across trajectory groups at surveys 3 and 7 were examined using χ 2 analyses, and McNemar tests were used to examine differences within trajectory groups for deficits between survey 3 and survey 7. All analyses were conducted in STATA (version 14.1; StataCorp LLC, College Station, Texas).
RESULTS
Of the 6,298 women (aged 62-67 years) who completed survey 7 and were not frail at survey 3 (i.e., FRAIL score <3), 5,462 were included in this study. At survey 7, a total of 396 (7.3%) women were classified as frail (i.e., FRAIL score >2). Characteristics of these women are shown in Table 1 . The mean age at survey 3 of women who were included in the study was 52.5 years. The participants were more likely to be partnered, to have less than a high school education at survey 1, to be underweight/ healthy as per their body mass index classification, to have never smoked, to be a low-to high-risk alcohol drinker, to have an active level (≥600 MET-minutes/week) of physical activity, to be employed full-time, to live in an inner regional area, and to have been born in Australia.
As shown in Figure 2 , 5 participant clusters representing sitting time trajectories were identified: low (n = 1,472 of 5,462; 26.9%); medium (n = 2,359 of 5,462; 43.1% (referent)), increasing (n = 379 of 5,462; 6.9%), decreasing (n = 989 of 5,462; 18.1%), and high (n = 263 of 5,462; 4.8%). As shown in Table 1 , there were no differences in age or education across the 5 trajectory groups. Compared with the other 4 trajectory groups, the high trajectory group had more single women, obese women, current smokers, women in full-time employment, women living in major cities, women born in other English-speaking countries, and women with low physical activity.
In fully adjusted models, these trajectory groups were associated with frailty at survey 7. The medium trajectory was used as a reference category, since it had the largest number of participants. Compared with women in the medium trajectory group, women in the increasing and high trajectories were more likely to be frail versus prefrail and healthy, with odds ratios of 1.29 (95% confidence interval (CI): 1.03, 1.61) and 1.42 (95% CI: 1.10, 1.84), respectively, with those in the low trajectory group being less likely to be frail (odds ratio = 0.86, 95% CI: 0.75, 0.98) ( Table 2 ). The decreasing trajectory group, however, showed no difference in the risk of frailty at survey 7. Table 3 shows the relationship of the 5 components of the FRAIL scale with each trajectory group. Following adjustment for the confounding factors, compared with the medium trajectory, women in the increasing and high trajectories had 25% and 56% increased likelihoods of having fatigue, respectively, while women in the low trajectory group had a 16% decreased likelihood of having fatigue. Compared with women in the medium trajectory, women in the increasing trajectory group had a 47% increased likelihood of having a deficit in resistance. However, no association was observed with the other 3 components. Figure 3 shows the difference in numbers of women reporting deficits in each component of the FRAIL scale in surveys 3 and 7 for each trajectory group. At the time of survey 3, there were differences across trajectory groups in the proportions of women with deficits in fatigue, resistance, and loss of weight and differences across all trajectory groups for all components at survey 7. From survey 3 to survey 7, there was an increase in the proportion of women reporting deficits in all trajectory groups for the resistance, ambulation, and illness components; a decrease in most of the categories of women reporting deficits in fatigue; and an increase in most of the trajectory groups for the loss-of-weight component. As Web Figure 1 (available at https://academic.oup.com/aje) shows, the proportion of women who were frail increased in all trajectory groups, with the highest proportion of frailty being observed in the high (11.0%) and increasing (12.1%) trajectory groups at survey 7. In all surveys, there were lower proportions of healthy women in the high trajectory group than in the other trajectory groups.
DISCUSSION
In this 12-year longitudinal study of middle-aged Australian women, 5 distinct trajectory patterns of sitting time were identified. These patterns of sitting time from ages 50-55 years to ages 62-67 years were associated with frailty, such that women with unfavorable patterns of sitting were more likely to be frail at the end of the study. In contrast, the low sitting time pattern reduced the likelihood of being frail. Women in the decreasing trajectory group had no difference in the likelihood of being frail compared with women with the moderate sitting pattern, despite having higher levels of sitting at baseline. These findings are consistent with previous studies (19) (20) (21) (22) .
Previous cross-sectional studies have found that people with higher levels of sedentary behavior had a higher frailty index score (19) or were frail according to modified Fried criteria (20) or the Frailty Trait Scale (21), with García-Esquinas et al. reporting in a longitudinal study that TV viewing time predicted frailty (Fried's criteria) at follow-up (22) . Furthermore, in one crosssectional study, Virtuoso Júnior et al. (39) reported that sitting time was an independent indicator of frailty as identified by biomarkers (C-reactive protein and white blood cell count) in hospitalized adults aged ≥60 years.
In this study, 4.9% of women aged 50-55 years were frail, which is consistent with previous estimates (40, 41) . Investigators have reported an exponential increase in frailty prevalence, from 6.5% in people aged 60-69 years to 65% in people aged >90 years (40) , and increases in prevalence of 3% per annum starting from late middle age (42) , suggesting that interventions designed to prevent frailty should target persons in middle age.
The present study suggests that sitting time is a novel risk factor for the development of frailty. Objectively measured sedentary behavior is associated with mortality in inactive vulnerable or frail people (frailty index score >0.1) (43). Therefore, interventions targeting sitting time may benefit those who are frail. In a metaanalysis, Martin et al. (44) reported that sedentary behavior interventions reduced sitting time by 42 minutes per day, suggesting that reductions in sitting time are feasible and effective. While no researchers implementing a sitting time intervention have reported on frailty outcomes, Rosenberg et al. (45) observed an increase in gait speed (0.5 seconds faster in completing a 3-m walk test from preintervention to postintervention) following a behavioral sittingtime reduction program. Abbreviations: CI, confidence interval; FRAIL, fatigue, resistance, ambulation, illness, loss of weight; OR, odds ratio.
a Models adjusted for relationship status, education, body mass index, smoking status, alcohol consumption, physical activity, employment, and the presence of arthritis, depression, or hypertension.
b Healthy: FRAIL score = 0; prefrail: FRAIL score = 1-2; frail: FRAIL score = 3-5. c P < 0.05
It is important to also consider the context in which sedentary time is accumulated. García-Esquinas et al. reported that TV viewing time was associated with frailty but other sedentary behaviors, such as reading, computer/Internet use, listening to music, or time spent in transportation, were not (22) . Assessing different domains of sitting (i.e., occupation, transport, leisure) and specific contexts (e.g., TV-watching or using a computer) could potentially assist in developing more targeted interventions. However, these types of McNemar's test was used to assess differences within trajectory group at surveys 3 and 7 for all components of the FRAIL scale. The proportion of women with a deficit in the fatigue component decreased from survey 3 to survey 7 for women in the low, medium, decreasing, and high trajectory groups. The proportions of women with deficits in the resistance, ambulation, and illness components increased from survey 3 to survey 7 in all trajectory groups. The proportion of women with a deficit in the loss-of-weight component increased from survey 3 to survey 7 for women in the medium, decreasing, and high trajectory groups. χ 2 analysis was used to assess differences across trajectory groups at surveys 3 and 7. There were significant differences in the proportions of women with deficits in fatigue, resistance, and loss of weight across trajectory groups at survey 3. There was a significant difference in the proportion of women with deficits in all FRAIL scale components across trajectory groups at survey 7. FRAIL, fatigue, resistance, ambulation, illness, loss of weight. data were only available at survey 6, and therefore trajectories of domain-or context-specific sitting could not be investigated.
The findings related to the fatigue component of the FRAIL scale were similar to those for frailty. The fatigue component has a stronger correlation with total FRAIL score (Spearman's ρ = 0.82) than other components (Spearman's ρ's ranging from 0.13 to 0.57) (32) . This may be due to the method used to operationalize the FRAIL scale in our study: using 3 items from Short Form 36 as compared with 1 item for the other phenotype components of the scale (i.e., resistance and ambulation). It is possible that fatigue may influence sitting time, and this needs further investigation. However, the proportions of women with deficits in resistance, ambulation, illness, and loss-of-weight components increased over the 12 years of the study, while fatigue declined.
An accumulating body of evidence suggests that high levels of sedentary time are associated with poorer physical function (46) . An interesting finding in the current study was the relationship of resistance with the increasing sitting trajectory group but not the high sitting trajectory group. It is possible that an increase in sitting time is a marker of poor health and may be a simple way to screen people for adverse health outcomes. This highlights the utility of methods such as group-based trajectory modeling to investigate associations of sedentary behavior with health outcomes, as different patterns of behavior may affect health differently. In the Raine Study, 15-year trajectories of TV viewing time from age 5 years onward were associated with body composition at age 20 years, such that people in low and increasing TV trajectories had a lower percentage of body fat and a higher bone mineral content than those in the high TV trajectory group (47, 48) . Twelve-year trajectories of TV time are associated with lower body strength but not performance in the Timed Up and Go (TUG) Test (49) .
A strength of this study was its longitudinal design over the course of 12 years, which included a large and representative sample of middle-aged women in Australia. To the best of our knowledge, this is the first longitudinal study to have examined the relationship between sitting time and frailty (using group-based trajectory modeling) and is the first study to identify trajectories of sitting time. In this study, factors that are related to sitting time and frailty (i.e., sociodemographic and lifestyle factors) were included in the analyses; however, no data on other factors, such as nutrition or cognition, were available. Another strength of this study was the exclusion of women who were frail at survey 3, which allowed us to examine sitting time as a risk factor for the development of frailty.
A limitation of this study was the use of self-reported measures of sitting time. Even though the questionnaire we used is similar to the validated International Physical Activity Questionnaire (26, 27) , there is a tendency for people to underreport sitting time in comparison with objective measures (50) . However, underreporting of sitting time is expected to have been consistent over time and hence is unlikely to have affected the overall findings. While the use of objective measures of sitting time in longitudinal cohort studies is still in early stages, our study had data on sitting collected over 12 years at multiple time points. In future studies, researchers should consider using objective measures of sitting time, such as activPAL (50) . activPAL is a physical activity monitor that is based on a uniaxial accelerometer (PAL Technologies Ltd., Glasgow, United Kingdom) (51) . Patterns of accumulation of sitting-for example, breaks in sitting time-are known to influence health outcomes such as biomarkers of cardiometabolic risk (6) and premature mortality (52) . In a recent cross-sectional study in older adults, Del Pozo-Cruz et al. (21) reported that total sedentary time and sedentary time accumulated in bouts of at least 10 minutes were deleteriously associated with frailty while a higher number of breaks in sedentary time was beneficially associated with frailty. The results are only applicable to women in this age group and not to men.
In a 2016 systematic review, Buta et al. (53) identified 67 instruments designed to assess frailty, with Fried's criteria (3), which combine self-reports and performance-based tests to assess a frailty phenotype, being the most commonly used in the literature, followed by instruments that use a deficit-accumulation model such as the frailty index (42) . The FRAIL scale uses self-report data to assess functional deficit accumulation and biological domains of frailty. Thus, the findings of this study may not apply to other models of frailty that utilize performance-based measures or wider sources of data. Further investigation is required to determine whether these findings can be replicated using other models of frailty.
In conclusion, in this study, 12-year patterns of sitting time in middle-aged Australian women predicted frailty in older age. Additional studies are required to understand the biological mechanisms of how sitting time may be related to frailty. Programs designed to reduce this novel risk factor may help prevent frailty in this at-risk population.
